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The ground and first excited states of the hybrid charmonium ccg, with non-exotic quantum num¬ 
bers J PC = 0 h , 1~~ and 1 ++ are investigated using quenched lattice QCD. They are completely 
ignored in the literature, only because their ground states are degenerate with q c , J/tfi, and \ci, 
and are difficult to be distinguished from these conventional charmonium mesons in experiment. 
However, we observe strong gluonic radial excitations in the first excited states; We predict that 
their masses are 4.352(225)GeV, 4.379(149)GeV and 7.315(257)GeV, completely different from the 
first excited states of the corresponding conventional charmonium. Their relevance to the recent 
discovery of the Y(4260) state and future experimental search for other states are also discussed. 

PACS numbers: 12.38.Gc, 12.39.Mk 


A hybrid meson qqg is a bound state of constituent 
quark q , anti-quark q and excited gluon g. The existence 
of hybrids is one of the most important predictions of 
quantum chromodynamics (QCD). There has been a lot 
of experimental act ivity[)].y. : ;'>. J| in the search for hybrid 
mesons, for example: PEP-U(Babar), KEKB(Belle), 12 
GeV Jefferson Lab upgraded, upgraded CLEO-c detec¬ 
tor, and new BES3 detector. 

For a conventional meson in the quark model, which 
is represented by the fermion bilinear ipYip, it can have 
the J PC quantum numbers as J = \L — S|, \L — Sj + 1, 

., L + S, P = (-1) L+1 , and C = {-1) L+S , with L 

the relative angular momentum of the quark and anti¬ 
quark, and S the intrinsic spin of the meson. For the 
gluon, the quantum numbers of the color electric field 
E and color magnetic held B are 1 and l -1 respec¬ 
tively. According to QCD, the operator of a hybrid me¬ 
son is the gauge-invariant direct product of the fermion 
bilinear tpYt/) and the color electric held ED° 2 = F ( r f- 02 
or color magnetic held B(f lC2 = CijkF^° 2 . Therefore, the 
quantum numbers of a hybrid meson could be either ex¬ 
otic, with J PC = 1 l_ , O' 1 , 0 , 2 +_ ., inaccessible 

to conventional mesons, or non-exotic, with J PC = 0 ++ , 

0 h , 1~~, 1 ++ , l + ~, 2 ++ , 2", 2 h , ., the same as 

conventional mesons. 

Lattice gauge theory is the most reliable technique for 
computing hadron spectra. It involves discretization of 
the continuum theory on a space-time grid, and reduces 
to QCD when the lattice spacing goes to zero. The 
implementation of the Symanzik program^ with tad¬ 
pole improvement Jfj greatly reduces the discretization 
errors on very coarse and small lattices. Simulations 
on anisotropic lattices improve the signal in spectrum 
computations^. 

The 1 0 H , and 2 H exotic hybrid mesons have 
been extensively studied on the lattice. Reviews can be 
found in Refs.p, Recently, we computed the 0~~ 
exotic hybrid charmonium mass lioi . However, the non¬ 
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exotic hybrid mesons are usually ignored in the literature, 
simply because their ground states are almost degenerate 
with the conventional mesons fill . 

In this letter, we investigate the J PC = 0 _+ , l~~ and 
1++ non-exotic charmed hybrid mesons ccg , emplo ying 
quenched lattice QCD with tadpole improved gluon |12j 
and quarkactions on the anisotropic lattice. We ob¬ 
serve, for the first time, very strong gluonic radial exci¬ 
tations in the first excited states. 

Our simulation parameters are listed in Tab. D We 
also did simulations on 8 3 x 48 and 12 3 x 48 at (3 = 2.6, 
12 3 x 36 at (3 = 2.8, and 16 3 x 48 at f3 = 3.0, but there 
and throughout the paper we just list the results from 
the largest volume, i.e., 16 3 x 48 at (3 = 2.6 and (3 = 
2.8 and 20 3 x 60 at f3 = 3.0. At each f3 = 6 /g 2 , three 
hundred independent configurations were generated with 
the improved gluonic action[I^. It is also important to 
check whether these lattice volumes are large enough. 
When the spatial extent is greater than 2.2fm, the finite 
volume effect on the spectrum is less than 0.1% for the 
ground state, and 0.4% for the first excited state. 

We input the bare quark mass m q o and then computed 
quark propagators using the improved quark action [yji 
the conventional quarkonium correlation function us¬ 
ing the operators 0 1 = tp Cr yjtp c , and 

1++ = ^/> c 75 Uj'4 ,C i and the hybrid meson correlation 
function using the operators 0 h = Cijk 4 ,Cl 7 i' l l’ C2 F^ C2 , 
1” = e^p Cl ^ C2 F^ C2 and 1++ = a^Ui^F^ 2 
in Ref. |lj|- Figures ^and d shows the correlation func¬ 
tion C(t) of the conventional 1 and hybrid mesons. 

The effective masses of the ground and first excited 
states atmi and at?7i2 are extracted by two differ¬ 
ent methods: (i) new correlation function method [l5j| ; 
(ii) modified multi-exponential fitjl6|. The multi¬ 
exponential fitting method has been widely used in the 
literature^, [ 13 , [73] for extracting the charmonium 
masses, and the results for the ground and first ex¬ 
cited states are consistent with experiments; The MILC 
grouped] proposed an improved multi-exponential fitting 
method, which chooses the best fit according to some 
criteria. The recently proposed method (i) has been suc¬ 
cessfully applied to the investigation of the Roper reso- 
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TABLE I: Simulation parameters at largest volume. We employed the method in Ref. to tune these parameters, Kt and 
Ks for the quark action. The last two columns are about the spatial lattice spacing and the lattice extent in physical units, 
determined from the IP — IS charmonium mass splitting till , with the effective masses extracted by the method of Ref. 16!]. 
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FIG. 1: Correlation function for the conventional 1 quarko- 
nium at (3 = 2.6 and atm q o = 0.229. 


Figure 01 shows effective masses for the conventional 
1 quarkonium, where cttuii and atm i + atm 2 are ex¬ 
tracted respectively from the plateaux of the lower and 
upper curves, using the new method |l5l . FigureOJshows 
those for the 1 hybrid meson. 
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FIG. 2: Same as Fig. 0 but for the 1 hybrid meson. 


nance of the nucleon [l 5j. where atm\ is obtained from 
In (C(t)/C(t + 1)) in the large time interval [U,tf], and 
atm\ + atm 2 from \n(C'(t)/C 1 (t+ 1)) in the time interval 
[ti,tf], with reasonable y 2 /d.o./. and optimal 
confidence level. Here C'(t) = C(t + 1 )C(t — 1) — C(f) 2 . 
Two methods provide a cross-check of the results. 


FIG. 3: Effective masses of the conventional 1~~ quarkonium 
as a function of t for (3 = 2.6 and atm q o = 0.229, using the 
new correlation function methodfisj. atmi + Gnm .2 and atmi 
are extracted respectively from the plateaux of the upper and 
lower curves, with = [1,10] and [ ti,tf ] = [11, 23]. 

The data at two m q o values were interpolated to the 
charm quark regime using M(lS) exp = ( m(ri c ) exp + 
3m(J/i/i)ea;p)/4 = 3067.6MeV. The results obtained by 
the method of Ref. [3j| are listed in Tabs. |H] and IT I II 
respectively for the ground and first excited states. 

The first excited state masses for the conventional 0 
1 and 1 ++ charmonium mesons as a function of a 2 are 
plotted in Fig. [S] and those for the hybrid charmonium 
mesons are plotted in Fig. |G] They indicate the linear 
dependence of the mass on a 2 . By linearly extrapolating 
the data to a 2 —> 0, we obtained the spectrum in the 
continuum limit, which are listed in Tabs. QH and mu 

As shown in Tab. El in the continuum limit, the 
masses of the 0 l ", 1 and 1 ++ charmonium ground 
states are consistent with their experimental values 
2.9804, 3.0969, and 3.5106 for T] C (1S), J/tp and Xd(l 3 Pi)- 
The results in Tab. ITU also show that the ground state for 
the non-exotic hybrid charmonium is degenerate with the 
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Vo 

JN> 

Xcl 

0”+ 

1~ 

1++ 


2.6 

0.0345 

3.031(3) 

3.080(3) 

3.484(49) 

3.012(43) 

3.133(44) 

3.472(66) 


2.8 

0.0236 

3.033(1) 

3.079(1) 

3.446(59) 

3.009(51) 

3.112(53) 

3.463(62) 


3.0 

0.0127 

3.031(1) 

3.080(1) 

3.458(64) 

3.027(57) 

3.099(58) 

3.506(65) 


OO 

0 

3.030(2) 

3.080(2) 

3.430(100) 

3.031(87) 

3.078(90) 

3.516(108) 


OO 

0 

3.053(33) 

3.107(34) 

3.533(39) 

3.056(34) 

3.120(34) 

3.472(150) 

* 

OO 

0 

3.042(18) 

3.094(18) 

3.482(70) 

3.044(61) 

3.099(62) 

3.494(129) 

** 


TABLE II: Conventional and hybrid charmonium meson spectrum (GeV) for the ground state from the method of Ref. jlfj, 
interpolated to the charm quark sector. The results in the continuum limit ( f3 = oo) were obtained by linearly extrapolating 
the data to a 2 —> 0. The results in the continuum limit(*), with the effective masses extracted by the method of Ref. Hi are 
also listed. The last line (**) is the average of the results in the continuum limit from these two methods. 
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Xcl 

0“ + 

1““ 

1++ 


2.6 

0.0345 

3.515(50) 

3.614(51) 

4.135(175) 

4.492(64) 

4.525(64) 

7.335(121) 


2.8 

0.0236 

3.520(60) 

3.625(62) 

4.175(183) 

4.379(98) 

4.494(77) 

7.333(153) 


3.0 

0.0127 

3.532(66) 

3.624(68) 

4.100(112) 

4.408(382) 

4.400(100) 

7.264(150) 


OO 

0 

3.540(102) 

3.633(105) 

4.081(205) 

4.335(302) 

4.349(148) 

7.237(237) 


OO 

0 

3.638(58) 

3.731(58) 

4.089(67) 

4.368(147) 

4.409(149) 

7.392(276) 

* 

oo 

0 

3.589(80) 

3.682(81) 

4.085(136) 

4.352(225) 

4.379(149) 

7.315(257) 

** 


TABLE III: The same as Tab. El but for the first excited states. 
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FIG. 4: Same as Fig. 01 but for the 1 __ hybrid meson, atm i4- 
atm 2 and atm\ are extracted respectively from the plateaux of 
the upper and lower curves, with [t*,t*f] = [6,16] and [U,tf] = 
[17,23], 

conventional charmonium with the same quantum num¬ 
bers. This might mislead people into giving up further 
study of the non-exotic hybrids. 

The last line of Tab. IIIII shows in the continuum limit 
the first excited state masses of the conventional charmo¬ 
nium and non-exotic hybrid charmonium. The results for 
the conventional 0 ^ and 1 charmonium are in good 
agreement with the experimental data 3.638 and 3.686 


FIG. 5: Extrapolation of the excited state masses of the con¬ 
ventional 0 1 , and 1 ++ charmonium mesons, with the 

effective masses extracted by the method of Ref. Hal , to the 
continuum limit. 


for rj c (2S) and ip(2S), which supports the reliability of 
the methods. Although there has not been experimental 
input for Xdi^Pi L our result is consistent with earlier 
lattice calculations|13l Il7l]. 

The minor differences between the data and experi¬ 
ments might be due to the quenched approximation used 
in the paper. 

What new is that the first excited states of non-exotic 
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FIG. 6: The same as Fig. 0 but for the hybrid charmonium 
mesons. 

charmonium hybrids are completely different from the 
conventional ones. The results in last line of Tab lllll 
show the masses of the 0 ^ and 1 hybrids to be about 
0.7GeV heavier, and the 1 ++ about 3.2GeV heavier. 
These are very strong indications of gluonic excitations. 
This implies that radial excitations of the charmonium 
hybrids are completely different from the conventional 
non-hybrid ones, although their ground states overlap. 
This is clearly demonstrated in Figs. 1 1 101 

This also teaches a very important lesson. One should 
carefully study not only the ground state, but also the 
excited states. Sometimes, the excited states show more 
fundamental properties of a hadron. 

Finally, we discuss the new state Y(4260), recently 


observed by the BaBar experiment[lsj in the J/'ipn + TT 
channel. It has the quantum numbers J PC = 1 . 

There have been several phenomenological 
descriptions [H HJ, HD, IH |H H Hj of this state: as 
tetra-quarks, a molecule of two mesons, x/j(4S), or as a 
hybrid meson; However, most these assumptions were 
not based on QCD spectrum computations. 

If Y(4260) is a hybrid meson, from the last line of 
Tab. ED it could certainly not be identified as the ground 
state of the 1 hybrid meson. However, from our lattice 
QCD spectrum calculations (the last line of Tab. ED), it 
is most probably the first excited state of the 1 hybrid 
charmonium. Further experimental study of the decay 
modes will clarify this issue. 

From the last line of Tab. ED one sees that the first ex¬ 
cited state mass of the 0 hybrid charmonium is about 
the same as that of the 1 hybrid charmonium, but 
much lighter than the first excited state of the 1 ++ hy¬ 
brid charmonium. It should not be very difficult to find 
it in future experiment. 
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